METHOTREXATE (MTX), a folic acid analogue, is a frequently used chemotherapeutic agent in the treatment of various malignant diseases. In clinical schedules, a wide range of doses and overall treatment times has been recommended, ranging from single, high-dose MTX infusions up to 7-5 g/m2 (Djerassi et al., 1972; Djerassi, 1975;  Jaffe, 1974, and Jaffe et al., 1977; Weichselbaum et al., 1978) to low maintenance doses given over years (Creech et al., 1975 , Nagel, 1977 . However, the recommended schedules are based on clinical experience rather than on knowledge of the dependence of the cytostatic effect on drug concentration and exposure time.
Survival curves, obtained at varying drug concentrations at one exposure time have been published for HeLa S-3 cells (Berry, 1968) and L-cells (Borsa & Whitmore, 1969 ). In both cell lines, cell viability decreases with the logarithm of drug concentration until a maximum amount of cell killing is reached at 0 3 ,ug/ml (surviving fraction 0-1) and 0 02 ,ug/ml (surviving fractioni 0-01) respectively. Bruce et al. (1969) compared the dose and time survival curves for marrow stem cells and lymphoma cells in vivo. With increasing exposure time as with increasing total dose the surviving fraction decreased exponentially to reach a plateau which was different for normal and malignant cells. Pinedo et al. (1977) using constant MTX infusions in mice, related the marrow toxicity to the plasma concentration of MTX, as well as to the duration of drug infusion. They stated that, at constant concentration, the decrease in nucleated cells is an exponential function of exposure time until a plateau is reached.
These studies show that both the exposure time and drug concentration may have a great influence on cell killing by MTX. The interdependence of drug concentration and exposure time, however, has not yet been investigated systematically. The purpose of the present study was to establish the quantitative relationship between drug concentration, exposure time and cell inactivation in vitro.
MATERIAL AND METHODS
Cell lines.-B-14-F-28 Chinese hamster cells, a lung fibroblast cell line, were used (Born, 1974 Time-lapse studies.-Chinese hamster cells in T-30 flasks were exposed to 1 ,g/ml MTX for 24 h and otherwise treated as above. With a photomicroscope located in an incubator, a picture of the same 10mm2 field was taken at 30-min intervals before treatment and for 50-70 h after addition of MTX. The films were analysed according to the method described by Trott (1974) , recording for each cell and its progeny the time of cell division and morphological changes like cell pycnosis. sure times of 4, 16, 24, 30, and 48 h with drug concentrations increasing from 0 1 to 2-5 ug/ml. Fig. 1 number of viable S-phase cells after exposure to MTX, cells were treated with 1 Hg/ml MTX for 24 h, followed by the addition of 1mM HU (final concentration) for 1 h directly to the MTX-containing medium (Table) . This amount of HU killed 46.7% of the control cells (i.e. all S-phase cells). When given after a 24h exposure of MTX, it had no statistically significant cell-killing effect, indicating that despite the overall labelling index of 80%, few viable cells were left in S-phase.
In 3 separate experiments we followed the progression of 53 Chinese hamster cells by direct observation with the timelapse camera before, during and after MTX exposure. After the addition of 1 ug/ml MTX cell division went on for about 5 h at a rate of 2.6%/h. Thereafter very few cell divisions were seen, 10% of the total number dividing in the 20 h between 5 and 24 h after MTX, producing a division rate of 0.5%/h. When fresh medium had been provided after 24 h of MTX exposure, 400o of the cells entered mitosis in a synchronized wave 8-14 h later. However, delayed cell death occurred in most of them. The other cells became pycnotic or formed giant cells, without any attempt to divide (interphase death).
DISCUSSION
The action of MTX depends on both drug concentration and exposure time. However, contrary to suggestions made for cytostatic agents in general (Mellet, 1974 ) the effect is not simply proportional to the product of concentration and time (i.e. the area under the drug concentration curve). With the above data on the effect of MTX on Chinese hamster cells we want to describe the relationship between MTX concentration and exposure time.
At constant exposure time and drug concentrations varying between 0-1 and 2 5 ,g/ml MTX, the surviving fraction decreased according to a power function of concentration, calculated according to the regression analysis in the double- Concentrations higher than 2 5 pg/ml were not tested because the scattering of the results was too high to allow quantitative analysis. Moreover, at this drug concentration, a maximum level of intracellular MTX is achieved in L1210 mouse cells (Goldman et al., 1968) as well as in Yoshida sarcoma cells (Divekar, 1967) (4) superimposed on the experimental data points of Fig. 1 . * Explanation of all equations: SF = surviving fraction of cells; c = MITX concentration in the medium in ,ug/ml; t = duration of exposure in h; at = slope of the regression line in a double-logarithmic plot, dependent on the exposure time; bt= eft (ft = iIntersection of the power function with the ordinate at c = 1 Htg/ml MTX); e = base of the natural logarithm; ac = slope of the regression line in a semi-logarithmic plot, dependent on drug concentration; bc = efic (e= calculated surviving fraction at the intersection of the exponential survival curve with the ordinate); k 4= varying constants of the general equation. (4) superimposed on the experimental data points of Fig. 3 . 0-1 Hg/ml (-*-), 0 5 /og/ml (--), I pg/ml (--) and 2-5,ug/ml (-C-). Fig. 6 shows the curves calculated from equation (4) The experimental values of 01, 0-5, 1.0 and 2-5 jug/ml fit the model fairly well.
The relative importance of concentration and time is illustrated by the following example: in order to get 90%0 cellinactivation, doubling the concentration from 0 5 Hg/ml to 1 jug/ml reduces the exposure time necessary to achieve the same effect from 32f4 to 28f6 h (by a factor of 1. (Divekar, 1967) or by the dissociation constants of the dihydrofolate-reductase-MTX complex (Jackson et al., 1976) Hydroxyurea, however, which selectively kills all cells in S-phase (Sinclair, 1965) had no further statistically significant cell-killing effect after 24 h exposure to MTX.
Most of the cells which continued to incorporate [3H]TdR were already sterilized, since only 10-15% of all cells (the minority of which were in S-phase) were able to form colonies. More information on the mechanism leading to cell inactivation comes from the time-lapse studies. We observed normal cell division continuing for up to 5 h after the start of MTX treatment, probably involving mostly cells already in G2 at the start of MTX These results fail to confirm the findings of Borsa & Whitmore (1969) who studied the cell-killing action of MTX on L-cells. These authors suggest that MTX at a concentration of 1 ,ug/ml exposed for 72 h induces antagonistic effects by simultaneous inhibition of DNA, RNA, and protein synthesis, thereby reducing its own killing efficiency. From our findings, there is no indication that Chinese hamster cells are prevented from progressing into the MTX-sensitive S-phase for at least 48 h, since there is an exponential decrease of the surviving fraction with increasing exposure time, to surviving fractions much smaller than the labelling index.
Clinical experience accords with our findings of the importance of exposure time on the cytotoxic effect of MTX, since the marrow toxicity seems to be dramatically enhanced if the serum half life of MTX is prolonged (Sauer & Wilmanns, 1978) .
